The nuclear weapons testing programme of the USA has released radionuclides to the subsurface at the Nevada Test Site. One of these tests has been used to study the hydrological transport of radionuclides for over 25 years in groundwater and the deep unsaturated zone. Ten years after the weapon's test, a 16 year groundwater pumping experiment was initiated to study the mobility of radionuclides from that test in an alluvial aquifer. The continuously pumped groundwater was released into an unlined ditch where some of the water infiltrated into the 200 m deep vadose zone. The pumped groundwater had well-characterized tritium activities that were utilized to trace water migration in the shallow and deep vadose zones. Within the near-surface vadose zone, tritium levels in the soil water are modelled by a simple one-dimensional, analytical wetting front model. In the case of the near-surface soils at the Cambric Ditch experimental site, water flow and salt accumulation appear to be dominated by rooted vegetation, a mechanism not included within the wetting front model. Simulation results from a two-dimensional vadose groundwater flow model illustrate the dominance of vertical flow in the vadose zone and the recharge of the aquifer with the pumped groundwater. The long-time series of hydrological data provides opportunities to understand contaminant transport processes better in the vadose zone with an appropriate level of modelling.
INTRODUCTION
The vadose zone extends from the soil-atmospheric interface to the capillary fringe of the water table. It is a zone of complex biological, geological, and hydrological processes that contributes to human and ecosystem health. Quantification of water transport in the vadose zone is essential for understanding ecosystem functioning, gas exchange, nutrient cycling, and contaminant migration, both into the atmosphere and recharged to the groundwater aquifer.
Stable and unstable isotopes have been used extensively to study the vadose zone following advancements in detection methodology and unique local and global source terms from accidental and intentional releases. Extensive use has been made of the stable isotope composition of water to assess infiltration, transpiration, evaporation, and recharge. Radioisotopes that are naturally produced and those that are generated by nuclear weapons testing also provide tracers of transport, since they can be detected at relatively low levels and these radioisotopes trace different transport processes. Some examples include tritium that is incorporated into tritiated water molecules and traces the migration of water through liquid, solid and gaseous forms, as well as participating in biological reactions such as photosynthesis. The noble gas 85 Kr partitions strongly into a gas phase if it exists; otherwise, it moves as a dissolved species in water. The fission product 137 Cs exists as a monovalent cation that undergoes ion-exchange reactions with mineral surfaces and that exchange tends to limit its migration with moving groundwater. The activation product 36 Cl is a monovalent anion that remains in the liquid water phase as a conservative tracer, but it is left behind in soils as water is evaporated and transpired. Finally, there are the actinides, such as plutonium, that are insoluble in water and either reside on mineral surfaces or are transported by mobile colloidal particles. These stable and unstable isotopes can be used to trace hydrological transport processes in the vadose zone and provide a means for testing transport models at the field scale. In turn, environmental measurements plus verified models can be used to assess historical industrial and military operations when monitoring operations at the time were inadequate. In addition, estimates of historical contaminant exposures to humans and ecosystems are needed to understand current and future health risks better.
This paper utilizes measurements of radionuclides produced during nuclear weapons testing at the Nevada Test Site (NTS) in the USA to trace hydrological transport processes and evaluates a wetting front model. The field experiment is over 25 years old and provides an idealized setting for data and model comparison.
FIELD SITE
The USA has utilized the NTS for surface and underground nuclear weapons testing since the 1950s, given its remoteness and arid climate (see Figure 1) . The initial atmospheric tests were discontinued in the early 1960s, and the underground testing programme ceased in 1992. During that time period over 600 weapons tests were conducted in the subsurface at NTS. Deep emplacement of the weapons was desired to eliminate atmospheric release of radionuclides. In the course of the underground testing programme, concern arose about possible hydrological transport of radionuclides by regional groundwaters that are underneath the site. One particular event, referred to as Cambric, has been extensively utilized for quantifying the hydrological transport of radionuclides in alluvial materials. The site characterization of the Cambric source term, initial emplacement of radionuclides, and long-term hydrology studies are described in a number of publications and reports (Hoffman et al., 1977; Buddemeier, 1988; Bryant, 1992; Guell and Hunt, 2003) . The Cambric event happened on 14 May 1965 in the Frenchman Flat area of NTS. The device was of relatively low yield (0Ð75 kt of TNT) that was emplaced 294 m below the land surface and 73 m below the pre-shot water table. The blast produced a cavity that was 22 m in diameter and was sampled by a drillback hole designated as RNM-1. A groundwater well (RNM-2S) was drilled 91 m from the centre of the cavity and screened over a 24 m interval in a higher permeability zone below the cavity. Starting in the fall of 1975, groundwater was nearly continuously pumped for 16 years from the well. The pumped water was discharged into an unlined ditch that was dug in the alluvium and directed the water towards Frenchman Lake (dry). Approximately 16 ð 10 6 m 3 of groundwater was extracted during this experiment and the water was extensively monitored for tritium and other radionuclides over the course of this 16 year pumping experiment. About a third of the water discharged to the ditch infiltrated over the first 1Ð0 km (Bryant, 1992) .
Studies of vadose zone infiltration along the Cambric Ditch were initiated in 1983 by the installation of suction lysimeters in the upper 4 m of the vadose zone plus one deeper lysimeter at a depth of 29 m (100 ft) referred to as L-100. These lysimeters sampled soil water through the application of a suction of 0Ð5 atm on a ceramic sampler and waiting for water to accumulate. The soil water was analysed for tritium and infrequently for dissolved anions. Figure 2 indicates the location of these lysimeters, with the shallow ones designated as A, B, C, D, E, and G.
SHALLOW VADOSE ZONE FIELD DATA
The Cambric Ditch vadose zone experimental data, which were collected from 1983 up until 1991, contain a unique record of water infiltration under idealized conditions of a continuously flowing, line source of radiolabel water. Aspects of this field experiment were explored in Hunt (1993) , but this effort provides a greater theoretical underpinning. Figure 3 plots the tritium activity in the ditch water during the 16 year pumping experiment. The data were collected at weekly intervals initially and then monthly near the end of the experiment, resulting in a very precise record of tritium levels in the ditch. All tritium data are decay corrected back to the detonation time. Little tritium was recovered during the first 2 years of pumping due to the slow transport of water through the less permeable region where the device was emplaced. In 1978, tritium activity increased rapidly to peak in 1981 and then began a long, slow decline, as is typical of breakthrough curves within complex hydrogeological systems. Approximately 93% of the tritium released by the detonation was captured in the pumped well, ignoring the possibility of recirculating some of the infiltrated ditch water back to the pumped well (Guell and Hunt, 2003; Tompson et al., 2005) . Figure 3 also includes tritium activities detected in soil water recovered from the 29 m deep lysimeter beneath the ditch. The tritium data from the deep lysimeter has a time lag of about a third of a year compared with the ditch activity levels, and this is the time it takes the water to flow vertically the 29 m distance. An additional tracer experiment was conducted in a section of the ditch above the deep lysimeter by introducing a slug of water containing a high concentration of bromide ion, and this bromide was also observed after a lag of approximately a third of a year with considerable dispersion (Buddemeier, 1988) . These observations suggest that the vertical water infiltration velocity is approximately 100 m year 1 . All shallow lysimeter data are plotted in Figure 4 along with the ditch tritium levels. Water at location A appears to have tritium levels slightly lagged from the levels in the ditch water, which is reasonable given the lysimeter is directly beneath the berm of the ditch and at a depth of 1Ð7 m. Lysimeters B and C are located a short distance out from the ditch and have tritium levels lagged by about 1Ð5 years compared with the tritium levels in the ditch. Lysimeters B and C are separated vertically, but there is no difference in their tritium activities when water samples were obtained at the same time in 1990 and 1991. The tritium activities detected at locations D and E over the period of 1983 to 1991 were increasing with time and corresponded to water that had infiltrated into the soil from the ditch 6 to 8 years earlier. Again, there was no vertical difference in the tritium activities at this location. Finally, lysimeter G collected water over 6 m from the ditch, and that water did not have tritium in it from the Cambric event. The water represented either residual soil water or tritium-free water infiltrated during the first 2 years of ditch infiltration.
The tritium data collected from these deep and shallow lysimeters suggest that there is rapid vertical infiltration of water immediately under the ditch and very slow horizontal advection of water out from the ditch. The vertical infiltration would be dominated by gravity, whereas the horizontal infiltration is exclusively controlled by capillary-driven flow. The following section quantitatively tests this conceptual description using a relatively simple wetting front analysis.
SHALLOW VADOSE ZONE MODELLING
Owing to the importance of water movement in the vadose zone to agricultural practices, geotechnical engineering, and waste disposal operations, there is an extensive body of theoretical and empirical approaches to quantifying infiltration. This particular field site has a continuous line source of water imposed over very deep and unsaturated alluvial material and suggests the application of a relatively simple model compared with utilizing multidimensional, nonsteady, unsaturated flow models. A simpler modelling approach with a limited number of parameters would also suggest where additional site characterization is beneficial. The lysimeter data from Cambric suggest that water movement can be identified as either vertical flow dominated by gravity underneath the ditch or horizontal flow away from the ditch where capillary forces dominate. Vertical flow under steady-state conditions in the vadose zone is controlled by a vertical hydraulic gradient of unity and the hydraulic conductivity, which is a property of the porous medium and the degree of water saturation. Capillary-driven flow models can be much more complex. Experimental data show, and theoretical models have predicted, that the lengths of horizontal wetting fronts increase as the square root of time:
where L f is the distance to the wetting front, t is time and f is the wetting front parameter. Kao and Hunt (1996) review the empirical and theoretical basis behind this widely observed result. The velocity of the wetting front is directly obtained as
This wetting front velocity is the pore water velocity at all locations between the source of the water and the front, since the model assumes a constant pore water saturation. The source of the water is at an origin X o that is not immediately under the ditch, but at some distance out from the berm. At a time T d , water leaves the ditch with a tritium activity of the ditch at the effective origin X o and arrives at location X and time T given by
Upon integration using the wetting front model, a relationship is obtained between the location X and the time T:
Equation (4) is used to predict the tritium activity arriving at location X and time T since the water left the ditch at time T d with a known tritium activity. The model does not include dispersion or water loss by transpiration.
Various values of the parameters X o and f were evaluated until one set best represented all the data obtained from the shallow lysimeters. The resulting parameters were X o D 1Ð1 m and f D 1Ð7 m year 1/2 . The value of X o indicates that capillary-driven flow starts 1Ð1 m from the top of the berm, at least for soil depths of 2 to 4 m.
The comparisons of the measured and modelled tritium activities at the lysimeter locations B and C, D and E, and G, are shown in Figures 5, 6 , and 7 respectively. These figures include the ditch-water tritium activity as a thin line, the predicted tritium activity at the lysimeter locations as a thick line, and the measured soil lysimeter tritium activities as symbols. Since lysimeter location A was within the gravity-flow-dominated region, it is not replotted. At lysimeter locations B and C shown in Figure 5 there is a very good agreement between the measured and predicted tritium levels using this capillary wetting front model. There is a predicted lag of 20 days for the first arrival of water at these locations, reflecting the movement of the wetting front a distance of X X o D 0Ð4 m. For lysimeter locations C and D, Figure 6 shows model predictions that ditch water first arrived at this location in mid 1977, or 1Ð75 years after infiltration began. The model-predicted arrival of tritium is reasonably consistent with the observed tritium activities during the early breakthrough period of 1983 to 1987, although the actual data do not rise as steeply as the model predictions. The data collected during 1990 and 1991 are below the model predictions by a factor of two. Given the steepness of the tritium breakthrough curve, the very low horizontal velocities established by the wetting front, and the long time since water infiltrated, there is an opportunity for molecular diffusion to lessen concentration gradients. Assuming a molecular diffusivity of 2 ð 10 9 m 2 s 1 for tritiated water and a tortuosity correction factor of 2 for the partially saturated vadose zone, the characteristic distance for mixing is estimated as 2Dt 1/2 , which is about 0Ð7 m after 7 years. This might be sufficient mixing to flatten the tritium breakthrough curves at locations D and E. Figure 7 contains the comparison of the predicted tritium arrival at location G versus the observed tritium levels. The predicted curve extends to 2000 assuming a continuous source of water in the ditch to illustrate that it would have taken until 1998 for the first arrival of tritium at this location. The wetting front was predicted to arrive at location G in mid 1985, close to the time that lysimeters were installed.
The horizontal wetting front model with two adjustable parameters is able to capture the main features of the horizontal movement of tritiated water out from the Cambric ditch. Rather than a completely empirical model fitting approach, it would be helpful to evaluate the reasonableness of the two parameters. The total amount of infiltration can be estimated using the ditch width of approximately 2 m plus a distance of 1Ð1 m on either side of the ditch being dominated by gravitational flow. In addition, a vertical tracer velocity of 100 m year 1 translates into a Darcy velocity of 250 m year 1 assuming saturated flow and a porosity of 0Ð4. These estimates suggest that 1 ð 10 6 m 3 of water could infiltrate each year over a distance of 1000 m. Flow meters along this ditch found that only one-third that amount actually infiltrated (Bryant, 1992) . This comparison is reasonable given the uncertainties in hydraulic conductivities along the ditch, its alteration by vegetation, and the non-uniformity of the ditch geometry along its length.
The wetting front parameter is predictable from the theoretical and experimental results of Hunt (1996, 2001) . For a liquid that completely wets an initially dry porous material, the predicted value of the wetting front parameter is given by
where is the air-water interfacial tension, µ is the dynamic viscosity of water, and k is the medium permeability. This dimensional relationship was obtained through the analysis of literature data and an experimental programme utilizing water and other wetting fluids with a 100-fold variation in viscosity and porous media having a four orders of magnitude variation in permeability (Kao and Hunt, 2001) . One of the porous materials analysed by Kao and Hunt (2001) was from the alluvium near the Cambric ditch, where the permeability after disturbance and drying was measured to be on the order of 10 12 m 2 . Substituting this permeability and the properties of water into Equation (5) predicts a wetting front parameter of 12 m year 1/2 , significantly greater than the empirical fit of 1Ð7 m year 1/2 . A more complete analysis of the wetting front parameter is presented in Hunt (1996, 2001 ) that accounts for residual water ahead of the wetting front and inlet heads less than atmospheric. These corrections do not significantly change the magnitude of the wetting front parameter. The field-scale observation that the vertical water velocity is 100 m year 1 translates into a permeability of 0Ð3 ð 10 12 m 2 assuming a unit hydraulic gradient. This estimate of permeability reduces the predicted wetting front parameter to 9 m year 1/2 , still much greater than the empirically fitted value.
At least two alternative explanations are possible for the reduction in the fitted wetting front parameter compared with model predictions. The Cambric Ditch became vegetated with salt cedar and cattails due to the continuous source of water. The plants had an ample supply of water under and near the ditch, and their roots removed water from the region dominated by slow capillary flow. Water removed by transpiration would have lessened the amount of water available for capillary flow. Hunt (1993) speculated that reduced tritium activity observed in shallow soil borings within the wetted region indicated that water loss in the upper 1Ð5 m of the soil profile was due to a daily cycle in the summer of transpiration followed by rewetting through water movement by vapour diffusion and condensation. The tritium incorporated into the cellulose of the annual rings of a salt cedar growing in the ditch closely track the tritium levels in the ditch (Love et al., 2002) . This indicates that the majority of the water transpired by the plant and undergoing photosynthesis is directly taken from the ditch rather than from soil water more distant from the ditch. This explanation is partially supported by an analysis of anions dissolved in the pumped groundwater released to the ditch and in the soil water samples obtained by the suction lysimeters. Table I summarizes the data available for fluoride, chloride, bromide and iodide, in which all but iodide are expected to act as conservative tracers (LLNL, unpublished data). The anion concentrations in the deep lysimeter, L-100, are consistently comparable to the ditch water. When the anion concentration data are normalized by the concentrations in the ditch water, there is an increase in normalized concentration with horizontal distance away from the ditch. The fluoride, chloride and bromide normalized values are comparable. Comparison of the two vertically spaced lysimeter pairs B-C and D-E are not as consistent as suggested by the tritium activities. Comparing fluoride and chloride in lysimeters B-C suggests that lysimeter B, which is closer to the land surface, has greater salt accumulation, but that observation does not hold for bromide at that location or at the other lysimeter pair D-E. These salt data suggest that rooted vegetation has concentrated anionic tracers in the root zone as the water is horizontally wicked outward from the ditch. An alternative explanation for water loss would be evaporation at the wetting front due to soil gas exchange by barometric pumping. A 200 m thickness vadose zone could exchange considerable air in response to atmospheric pressure fluctuations. Within the wetted region, gas permeability is significantly reduced, but soil gas exchange with the atmosphere at the wetting front could release saturated water vapour into the air when the pressure falls. The cycle is repeated when low humidity air is entrained during periods of high atmospheric pressure. Table I indicates that chloride and bromide levels are elevated by a factor of about 400 in lysimeter G at the fringe of the wetted region. This high salt concentration could reflect evaporation of soil water at the wetting front, or perhaps these high levels of dissolved salts are the background soil water salt content that is displaced by piston flow of the infiltrating ditch water. The available data and modelling effort cannot provide additional resolution.
Although a number of multidimensional vadose zone transport models exist, the Cambric Ditch experimental data suggest that such a modelling effort would need to account for water flow in the upper 4 m of the soil profile coupled with a number of other transport process. Within the upper soil profile there is an unknown distribution of plant roots that transpire liquid water and remove tritiated water but exclude anions. In addition, the near-surface soil in this arid desert environment experiences surface temperature fluctuations with daily and annual cycles, and there is soil gas exchange through atmospheric pressure fluctuations. These data from Cambric suggest that these processes need to be quantified prior to more complex modelling efforts.
DEEP VADOSE ZONE DATA AND MODELLING
The shallow vadose zone has been sampled over an extended period of time and that data suggested rapid infiltration to the groundwater table. In spite of those observations; there have been limited investigations of groundwater recharge from the Cambric Ditch. Between 1991 and 2000, samples of groundwater from monitoring well UE5n, located 106 m from the ditch, began to show rising levels of tritium. This suggests a 13-15 year transit time for tritium to move from the ditch to the water table and then horizontally to the monitoring well. The monitoring well was screened over a 3 m interval just below the water table and was bailed to minimize disruption of existing groundwater flow paths (Davisson et al., 1994; Tompson et al., 2002) .
In contrast to the near-surface vadose zone sampled by the lysimeters, the deeper vadose zone is not influenced by plant transpiration, temperature fluctuations, or water loss by atmospheric pressure fluctuations. The simplification of the dominant transport processes justifies more complicated modelling efforts, as well as exploration with models on the interpretation of the limited field data that are available. Two modelling efforts have been undertaken to understand deep infiltration beneath the ditch better. Ross and Wheatcraft (1994) developed a two-dimensional numerical model for water and tritium infiltration that suggested fast transport of tritium to the water table and the possibility that the recharged water could be pumped back into the ditch. Tompson et al. (2002 Tompson et al. ( , 2005 improved upon the numerical techniques and utilized detailed vadose zone characterizations undertaken at the nearby Area 5 Radioactive Waste Management Site (Istok et al., 1994; Blout et al., 1995) . Example simulations of the water saturation and tritium levels in a vertical cross-section 9 years after the pumping was stopped are shown in Figure 8 . The water saturation profile on the left side of the figure indicates the largely vertical transport of water over a narrow interval and loss of water from the upper vadose zone due to the lack of recharge water. The tritium profiles for the figure on the right show that the history of the tritium levels in the ditch water is preserved in the vadose zone horizontally out from the ditch. In addition, tritium is predicted to have reached the water table and migrated to the monitoring well located 106 m from the ditch where tritium has been observed. This modelling effort and parameter sensitivity analysis is described more fully in Tompson et al. (2005) .
DISCUSSION
Understanding the movement of water and associated contaminants within the vadose zone is a challenge that requires the integration of environmental measurements and mathematical models. The measurements need to be done at appropriate spatial and temporal scales to sample the dominant transport processes adequately. At the same time, the modelling effort should be at an appropriate level of complexity that can be justified at the particular location and having a predictive capability at other locations using easily determined parameters. Conditions encountered at the Cambric Ditch experimental site provided an opportunity for this integration of measurements with modelling and provided greater understanding of the system than if the two components were done separately. The Cambric groundwater pumping experiment is a unique experiment that continuously released groundwater labelled with tritium over a 16 year period into a 200 m deep vadose zone. The monitoring programme's data on tritium activity in the pumped well at weekly to monthly intervals are unavailable elsewhere and provide a well-characterized source term for labelling infiltration water. The sampling programme within the vadose zone that collected data from 1985 to 1991 provided a time series that could be unambiguously interpreted qualitatively as gravitationally dominated flow beneath the ditch and capillary-driven horizontal flow away from the ditch. The vadose zone data were also utilized for quantitative modelling of the flow driven by capillary action. The model parameters were adjusted to predict tritium levels that closely match the experimental data, but the theoretical prediction of a model parameter was significantly different from the fitted value. The deeper vadose zone was modelled numerically and demonstrated a coupling between the deep vadose zone and the delayed recharge of tritiated water to a nearby groundwater monitoring well. These combined efforts at measurements and modelling could not be undertaken without the well-characterized tritiated water tracer present in the pumped groundwater. When models and measurements are compared, there usually arises a recognition that improvements could be made in both. This is certainly the case at the Cambric Ditch experimental site. The measurement programme was extremely active during the course of the groundwater pumping experiment from 1975 to 1991 and has been less active after that period. The simple one-dimensional capillary flow model and the two-dimensional deep vadose zone numerical model have provided predictions of the flow fields, but model predictions have uncertainty associated with parameters and with mechanisms that were included or excluded. At Cambric, there is evidence from the models and the data that additional mechanisms are important in controlling the transport of water and associated contaminants. The observation that the wetting front has not moved as fast as expected suggests that water is being lost from the shallow vadose zone due to evaporation or transpiration. Although some soil anion concentration data exist within the wetted region, soil cores at a greater spatial resolution are needed within the formerly wetted zone to quantify the importance of plant transpiration through salt exclusion, or to determine whether evaporation is significant at the wetting front itself due to soil gas cycling by barometric pressure fluctuations. Deeper soil cores are needed to verify that this effect only occurs in the upper 5 m or so of the soil profile. The two-dimensional modelling of the deep vadose zone and the recharge of the water table aquifer is severely data limited, but one monitoring well does indicate that the aquifer has been recharged with water infiltrated from the ditch. These issues demonstrate the importance of taking advantage of long-term field sites where the measurement and modelling programmes are integrated to improve predictive tools at other locations.
SUMMARY AND CONCLUSIONS
The NTS has introduced many species that can be used to track various components of the hydrological cycle. These tracers were introduced up to 40 years ago, and still provide considerable opportunity for quantifying hydrological processes and understanding contaminant transport pathways. Although this study has focused exclusively on tritiated water, additional tracers can be utilized to track ion mobility ( 36 Cl), gasphase transport ( 3 He), colloidal migration ( 239 -240 Pu), and thermally induced flows. The existing data sets have been sufficiently mined by modelling exercises to suggest a re-emphasis on field sampling of the vadose zone for tritium and these other isotopic tracers.
Besides the importance of using measurements and models to understand hydrological processes, this field site also demonstrates that it might be possible to utilize hydrological models to reconstruct historical activities.
The vadose zone horizontally out from the ditch preserves the record of tritium levels present in the ditch water over the pumping experiment. Sampling that vadose zone for the tritium activity or another radionuclide of interest would, in combination with a model, indicate the discharge history of the isotopes of interest. This would be of interest to verify compliance with various regulatory requirements and international agreements.
